Magnetism and its microscopic origin in iron-based high-temperature superconductors 
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High-temperature superconductivity in the iron-based materials emerges from, or 
sometimes coexists with, their metallic or insulating parent compound states. This is 
surprising since these undoped states display dramatically different antiferromagnetic 
(AF) spin arrangements and Neel temperatures. Although there is general consensus 
that magnetic interactions are important for superconductivity, much is still unknown 
concerning the microscopic origin of the magnetic states. In this review, progress in 
this area is summarized, focusing on recent experimental and theoretical results and 
discussing their microscopic implications. It is concluded that the parent compounds 
are in a state that is more complex than implied by a simple Fermi surface nesting sce- 
nario, and a dual description including both itinerant and localized degrees of freedom 
is needed to properly describe these fascinating materials. 

introduction 

Oh 

Soon after the discovery of high critical temperature (high-T c ) superconductivity in copper oxides [1], neutron 
scattering studies revealed that the parent compounds of these superconductors have an antiferromagnetic (AF) 
ground state with a simple collinear spin structure (Fig. la) 0, Because the associated AF spin fluctuations may 
be responsible for electron pairing and superconductivity [j-l6|, over the past 25 years a tremendous effort has focused 
on characterizing the interplay between magnetism and superconductivity in these materials Q. In the undoped 
state, the parent compounds of copper oxide superconductors are Mott insulators and have exactly one valence 
fermion with spin 1/2 for each copper atom, leading to robust electronic correlations and localized magnetic moments 
[B|, (B[. Superconductivity emerges after introducing charge carriers that suppress the static AF order. Although the 
strong Coulomb repulsion in the parent compounds is screened by the doped charge carriers, the electronic correlations 
are certainly important for the physics of the doped cuprates, particularly in the under doped regime [6]. 

Consider now the iron-based superconductors [8l4lQ|. Several parent compounds of these materials, such as 
LaFeAsO, BaFe2As2, NaFeAs, and FeTe, are not insulators but semimetals In these cases, electronic band 

structure calculations have revealed that their Fermi Surfaces (FS)are composed of nearly cylindrical hole and electron 
pockets at the T(0,0) and M(1,0)/M(0, 1) points, respectively [TB|, [TB|- The high density of states resulting from the 
extended momentum space with nearly parallel FS between the hole and electron pockets leads to an enhancement 
of the particle-hole susceptibility. This suggests that FS nesting among those pockets could induce spin-density-wave 
(SDW) order at the in-plane AF wavevector = (1,0) with a collinear spin structure (Fig. lb) 117), much like 

the FS-nesting induced SDW in pure chromium [l8[. Neutron scattering experiments on LaFeAsO [19|, BaFe2As2 
[20| , and NaFeAs [2l| have reported results compatible with the theoretically predicted AF spin structure, albeit with 
an ordered magnetic moment smaller than expected from first-principles calculations [22[| . In addition, quasiparti- 
cle excitations between the hole and electron FS can induce ,s ± -wave superconductivity [TBI, [TBI, liBMiBj . One of the 
consequences of this superconducting state is that the imaginary part of the dynamic susceptibility, X 7, (Q,^) should 
have a sharp peak, termed spin resonance in copper oxide superconductors [26], at Qaf — (1, 0) below T c [27l |28|. 
This prediction is also confirmed by inelastic neutron scattering (INS) experiments in iron-based superconductors 
such as hole-doped Ba i _ a; rC c Fe2As2 [H^Hl, electron-doped BaFe 2 _^T :c As2 (T =Co, Ni) [H-EH, and FeTei^Se^ 
39M4T]. Finally, angle resolved photoemission spectroscopy (ARPES) experiments find that the general characteri- 



zation of the FS and the superconducting order parameter are consistent with the band structure calculations and 
with isotropic s- wave superconducting gaps [42]. Therefore, at first sight it may appear that antiferromagnetism in 
the iron-based materials originates from FS nesting of itinerant electrons, superconductivity must have a s^-wave 
symmetry for related reasons, and electron correlations or local moments do not play an important role for magnetism 
and superconductivity [15j . 

However, although the parent compounds of iron pnictide superconductors have metallic ground states consistent 
with band structure calculations, there are reasons to believe that electron correlations could be sufficiently strong 
to produce an "incipient" Mott physics [H, where local moments are as important as itinerant electrons for 
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magnetic, transport, and superconducting properties in these materials 45|, |46j. In fact, the s ± pairing symmetry 



is also naturally derived in multi-orbital t — J-type models |47j, |48| and recent diagonalization calculations [49| have 
shown that the AF state, as well as the A\ g s-wave pairing state, evolve smoothly from weak to strong coupling, 
suggesting that the physics of the pnictides could also be rationalized based on short length scale concepts not rooted 
in weak-coupling nesting. After all, in the context of the copper oxide superconductors, weak coupling studies of 
the one-orbital Hubbard model also led to the correct checkerboard AF state and d-wave pairing, showing that 
these problems can be attacked from a variety of view points. In addition, the newly discovered A y ¥e2-x^2 (A 



K, Rb, Cs, Tl) iron-chalcogenide superconductors 50|, EH do not exhibit hole pockets 52l4H^. but have strong AF 



ordered insulating phases with extremely high Neel transition temperatures |55|, |56j . Such a strong magnetism and 
high superconducting transition temperature (T c « 33 K) cannot be explained by FS nesting since this is based on 
the enhancement of the particle-hole susceptibility due to an extended momentum space with nearly parallel Fermi 
surfaces, i.e. it applies only to particle and hole FS's and not to purely electronic Fermi pockets. 

Since iron-based superconductors have six electrons occupying the nearly degenerate 3d Fe orbit als, the system is 
intrinsically multi-orbital and therefore it is technically difficult to define and study a simple microscopic Hamiltonian 
to describe the electronic properties of these materials and characterize the strength of the electronic correlations. 
From optical conductivity measurements [HtJ , it has been argued that electronic correlations in Fe pnictides are weaker 
than in under doped copper-oxides but are str ong er than those of Fermi liquid metals, contrary to the conclusion based 
on local density approximation calculations [15] . Therefore, it is important to determine whether magnetism in Fe- 
based materials arises from weakly correlated itinerant electrons [Hj], as m the case of the SDW in chromium (l8| . 
or whether it requires some degree of electron correlations [58], or if magnetism is dominated by the contributions 
of quasi-localized moments induced by incoherent electronic excitations [44J such as in the AF insulating state of Cu 
oxides 0. 

In this review, recent experimental and theoretical progress in the study of iron-based superconductors is sum- 
marized, with focus on the undoped parent compounds. In section II, the magnetically ordered states in nonsuper- 
conducting iron pnictides, iron chalcogenides, and iron selenides are discussed. Section III describes the effect of 
electron and hole doping on static AF order and their associated spin excitations. In section IV, we provide several 
examples where deviations from the simple SDW FS nesting picture are prominent. Finally in section V, we present 
our perspective on the importance of electron correlations in these materials. 

MAGNETIC ORDER ARRANGEMENTS AND SPIN WAVES IN THE PARENT COMPOUNDS 

Although the overall crystal structures and chemical formulas of the copper-oxide superconductors can be quite 
different, their parent compounds are all AF Mott insulators characterized by the Cu spin structure shown in Fig. 
la, where the tetragonal or pseudo-tetragonal unit cells have a nearest-neighbor Cu-Cu spacing with a « b « 3.8 
A. In the notation of reciprocal lattice units (rlu) (27r/a, 27r/6, 2tt/c), the AF Bragg peaks occur at the in-plane 
ordering wave vectors Qaf — (=1=1/2 + ra, ±1/2 + n), where m, n = 0, ±1, ±2, • • • rlu, shown as red circles in Fig. le 
[1,0]. Time-of- flight INS experiments 59|, 60| have mapped out spin waves of the insulating La2Cu04 throughout 



the Brillouin zone and found no evidence for spin- wave broadening at high energies. The dispersions of spin waves 
are well described by a Heisenberg Hamiltonian with nearest-neighbor (NN) exchange coupling J\ = 111.8±4 meV 
and next-nearest-neighbor (NNN) exchange J2 = — 11.4 ± 3 meV [59[. Therefore, the dominant magnetic exchange 
coupling in La2Cu04 is the NN magnetic interaction and the higher-order interactions amount to only ~10% of the 
total magnetic energy with a bandwidth of ~320 meV (Fig. li). 

Four years after the initial discovery of superconductivity in LaFeAsOi_, ^F^ II 111 . there are now three major families 
of iron-based superconductors: the iron pnictides [sl@|, iron chalcogenides 14, Ifilf , and alkaline iron selenides [5(ll5l|. 



The parent compounds of the pnictides, such as AFeAsO (A = La, Ce, Sm, Pr, etc.), AFe2As2 (A = Ba, Sr, Ca), and 
NaFeAs, all have the same collinear AF structure as shown in Fig. lb, with a small ordered moment (< 1 /ig/Fe) 
and Neel temperature Tn < 200 K [l3|, 0, [2o| . The AF spin moments are aligned along the weak orthorhombic 
unit cell a-axis direction (a w 5.62, b w 5.57 A). In reciprocal space, the AF Bragg peaks occur at in-plane ordering 
wave vectors Qaf = (±1 ± n) and at Qaf ~ (rn. ±1 ± n) due to twinning (red circles in Fig. If), consistent with 
the T(0,0) O M(l, 0)/M(0, 1) FS nesting picture [151. However, although the calculated FS of the chalcogenides 
Fei+^Tei-^Se^ is similar to that of iron pnictides [62|, surprisingly its parent compound Fei +2y Te actually has a 
bi-collinear spin structure (Fig. lc) [63|, |64|. Here, the AF Bragg peaks occur at Qaf = (=1=1/2 ± ra, ±1/2 ± n) (Fig. 
lg) in the pseudo-tetragonal notation (a ~ b ~ 5.41 A), suggesting that FS nesting cannot induce such AF order. 
Finally, the parent compounds of the alkaline iron selenide AFei.6+ccSe2 superconductors are insulators Sill and 
form a V5 x y/5 block AF structure as shown in Fig. Id with a large ordered moment (~3 /xs/Fe) along the c-axis and 
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FIG. 1: Antiferromagnetic structure and spin- wave dispersions for the insulating copper oxide La2Cu04 and the parent com- 
pounds of iron-based superconductors BaFe2As2, FeTe, and A y Fei.6+xSe2- The chemical unit cells are marked light green. 
The dark and light brown As/Te/Se atoms indicate their vertical positions above and below the Fe- layer, respectively, (a) The 
AF structure of La2Cu04, where the chemical unit cell is marked light green, (b) The collinear AF structure of nonsuper- 
conducting iron pnictides in the Fe As- layer, where spins are aligned anti-parallel along the orthorhombic a -axis 19- 2l|] . (c) 
The bi-collinear AF structure of FeTe [63, [63]. (d) The block AF order of the insulating A y Fei.6+ccSe2, where the y/E x y/E 
super lattice structure is marked by solid line with lattice parameter a s = 8.663 A and the orthorhombic lattice cell is shaded 
green [55|, [56|] . The iron vacancies are marked as yellow squares, (e) The wave vector dependence of the AF order in the (H, K) 
plane of the reciprocal space for La2CuC>4 [59j ]: (f) BaFe2As2 [201 ]: (g) Fei.osTe 63, 64|; and (h) the insulating A y Fe2- x Se2 
[55LI56I]. (i) Spin- wave dispersions along two high symmetry directions for La2Cu04 [59]. The overall energy scale of spin waves 
for copper oxides is about 320 meV and spin waves are instrumental resolution limited, (j) Spin- wave dispersions for BaFe2As2 
and they broad considerably for energies above ^100 meV [68j . (k) Spin- wave dispersions for Fei.osTe, and spin waves are very 
broad for energies above 30 meV 70]. (1) Spin waves for the insulating Rbo.89Fei.5sSe2 72]. In spite of dramatically different 
dispersions for various iron-based materials, their spin wave overall energy scales are similar and about 220 meV, less than that 
of the insulating copper oxides. Twinning is considered. 



500 K [55|, |56|. In reciprocal space, denned using the pseudo-tetragonal unit cell of iron pnictides (a « b « 5.41 
A), the block AF Bragg peaks appear at Qaf = (±0.2 + m, ±0.6 + n) and (±0.6 + m, ±0.2 + n) combining left and 
right chiralities (red circles in Fig. lh). 

Since the parent compounds of iron-based superconductors can have different AF spin structures and either metallic 
or insulating ground states [!, 0, [Ho|, [HTJ , the microscopic origin of the AF order cannot be induced by a simple FS 
nesting. If magnetism is relevant for high-T c superconductivity, then it would be important to determine magnetic 
exchange couplings for different classes of Fe-based superconductors and compare the results with those of the copper- 
oxides [5 911 . For pnictides, INS experiments have mapped out spin waves on single crystals of CaFe2As2 [65|, [66|, 
SrFe2As2 [67[, and BaFe2As2 |68[ throughout the Brillouin zone. Although there are still debates concerning whether 



spin waves in these materials can be described by a pure itinerant picture 65, 67] or require local moments 66 



4 



the overall spin- wave energy scales are around 220 meV. Therefore, magnetic exchange couplings in iron pnictides are 
clearly smaller than those of copper oxides (Figs, li and lj). Although spin waves are broadened at high energies, the 
spin- wave dispersion curves (Fig. lj) can still be described by a Heisenberg Hamiltonian with strong anisotropic NN 
exchange couplings (Ji a ^> J15) and fairly large NNN exchange coupling (J2) [66|, [68|. This large in-plane magnetic 
exchange coupling anisotropy has been interpreted as due to possible electronic nematic phase and/or orbital ordering 



6(3, [68| . Table I compares the effective magnetic exchange couplings of the Fe-based systems studied thus far against 
those of the insulating copper-oxide La2Cu04. 

For the chalcogenides Fei+^/Te, the commensurate bi-collinear AF spin structure in Fig. lc becomes incommensurate 
for concentration y > 0.12 [69[. The overall spin- waves energy scale (Fig. Ik) is similar to those of the iron pnictides. 
Although the large static ordered moment of ~2 /i#/Fe in Fei +2/ Te [63|, |64| suggests that local moments may be 
important, spin waves are rather broad in energy and difficult to fit using a Heisenberg Hamiltonian with only NN and 
NNN exchange couplings [7(j. By including third- neighbor (NNNN) exchange couplings, a Heisenberg Hamiltonian 
can fit the spin-wave dispersion with an anisotropic ferromagnetic NN exchange couplings and strong AF NNN 
exchange coupling (Table I). In a separate INS experiment on Fei.iTe, the total integrated Fe magnetic moment was 
found to increase with increasing temperature from 10 K to 80 K [71[. These results suggest that in the temperature 
range relevant for superconductivity, there is a remarkable redistribution of the magnetism arising from both itinerant 
and localized electrons. 

In the case of insulating AFei.6+^Se2, spin waves have an acoustic mode and two optical modes se par ated by spin 
gaps (Fig. 11) p72| . In contrast to iron pnictide AFe2As2 [65l-[68| and iron chalcogenide Fei+^Te [7oL spin waves 
in insulating AFei.6+^Se2 can be well-described by a Heisenberg Hamiltonian with NN, NNN, and NNNN exchange 
couplings [72]. Comparing effective exchange couplings for different iron-based materials (Table I), it is clear that 
the NN exchange couplings are quite different, but the NNN exchange couplings are AF and rather similar. In 
addition, spin waves for iron-based materials are much broader at high energies. This is different from the insulating 
copper oxides, where the NN exchange coupling dominates the magnetic interactions and spin waves are instrumental 
resolution limited throughout the Brillouin zone [59|, [Hoj . These results suggest that itinerant electrons play a role in 
spin waves of metallic iron-based materials. 



Parent compounds 


T N (K) 


SJ la (meV) 


SJ lb (meV) 


SJ 2a (meV) 


SJ 2b (meV) 


SJ 3 (meV) 


La 2 Cu0 4 , Ref. [59] 


317 ±3 


111.8 ±4 


111.8 ±4 


-11.4 ±3 


-11.4 ±3 





CaFe 2 As 2 , Ref. [66] 


-170 


49.9 ± 9.9 


-5.7 ±4.5 


18.9 ±3.4 


18.9 ±3.4 





BaFe 2 As 2 , Ref. [g§J 


-138 


59.2 ±2.0 


-9.2 ± 1.2 


13.6 ±1 


13.6 ±1 





Fei.osTe, Ref. [70] 


-68 


-17.5 ±5.7 


-51.0 ±3.4 


21.7 ±3.5 


21.7 ±3.5 


6.8 ±2.8 


Rbo.sgFei.ssSes, Ref. [72] 


-475 


-36 ±2 


15 ±8 


12 ±2 


16 ±5 


9±5 



TABLE I: Comparison of effective magnetic exchange couplings for parent compounds of copper-based and iron-based super- 
conductors obtained by fitting spin waves with a Heisenberg Hamiltonian with NN (Ji a , Jib), NNN (J 2a , J 2 b), and NNNN (Js)- 
The Neel temperatures for different materials are also listed. 



THE EFFECTS OF HOLE AND ELECTRON DOPING ON THE MAGNETIC CORRELATIONS AND 

EXCITATIONS 

As discussed before [8-10], superconductivity in Fe-based materials can be induced via electron/hole doping, pres- 
sure, and isoelectronic substitution. Figures 2a and 2b show the electronic phase diagrams of hole and electron 
doping on BaFe2As2, respectively. In the undoped state, BaFe2As2 exhibits simultaneous structural and magnetic 
phase transitions below ~138 K, changing from the high-temperature paramagnetic tetragonal phase to the low- 
temperature orthorhombic phase with the collinear AF structure (Fig. lb) [loj. Upon electron-doping BaFe2As2 by 
partially replacing Fe by Co or Ni to form BaFe2-x^As2, the static AF order is suppressed and superconductivity 
emerges [8Ml0j. From systematic transport and magnetic measurements of single crystals [73|, [74|, the phase dia- 
gram for BaFe2- x Co ;E As2 was established, where the single structural/magnetic phase transition in BaFe2As2 splits 
with increasing Co-doping. Neutron diffraction experiments on BaFe2- a? Co :E As2 [75[ confirm that the commensu- 
rate AF order appears below the structural transition temperature and superconductivity coexists with AF order for 
0.06 < x < 0.102. Neutron scattering measurements on BaFe2- iC Co ;E As2 with coexisting AF order and supercon- 
ductivity reveal that the intensity of AF Bragg peaks actually decreases below T c without changing the spin-spin 
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FIG. 2: The electronic phase diagrams and the evolution of FS's, static AF order, and spin excitations upon electron or 
hole doping to BaFe2As2. (a) The AF and superconducting phase diagram for hole-doped Bai- x K x Fe2As2. In the underdoped 
regime, there is a region of coexisting AF order and superconductivity [86|]. Incommensurate spin excitations appear for x > 0.4 
[3l| and persist till x = 1 at KFe2As2 [gij. (b) Phase diagram for electron-doped BaFe2-ccNi x As2 81]. The long commensurate 
AF order changes into short-range incommensurate AF order near x = 0.092. The inset shows the transverse incommensurate 
AF order. Superconductivity in the electron-doped materials only extends to x « 0.25. (c) Schematics of FS's correspond to 
35% hole-doped BaFe2As2 [30|] with possible nesting vectors marked with arrows. The d xz , d yz , and d xy orbitals for different 
Fermi surfaces are colored as red, green, and blue, respectively, (d) FS's of BaFe2As2 with orbital characters [87|]. (e) Fermi 
surfaces of 8% electron-doped BaFe2As2 [30( ] . For all three cases, FS's are plotted with zero wave vector transfers along the 
c-axis. (f) Longitudinally elongated spin excitations at E — 20 meV seen in the optimally hole-doped Bao.67Ko.33Fe2As2 [30l ]. 
(g) Transversely elongated spin waves at E = 20 meV for BaFe2As2 [68|]. (h) Transversely elongated spin excitations at E = 20 
meV for BaFe1.9Nio.1As2 [H, |8{|. (i) Energy dependence of x"(cc>) for BaFe2As2 (blue solid line) and BaFe1.9Nio.1As2 below 
(red dashed line) and above (red solid circles) T c in absolute units of /AeV _1 f.u. _1 . The sharp peak near E « 8 meV below 
T c is the neutron spin resonance coupled directly to superconductivity [334381]. 



correlation lengths [76|, [77J . While these results indicate that the static AF order competes with superconductivity, it 
remains unclear whether the long-range AF order truly coexists microscopically with superconducting regions 78, 79 . 
Recently, for electron-doped samples near optimal superconductivity it has been shown that the commensurate static 
AF order changes into transversely incommensurate short-range AF order that coexists and competes with supercon- 
ductivity (see inset in Fig. 2b ) l80U8lj . Taking the temperature dependence of the orthorhombic lattice distortion of 
BaFe2-xCo x As2 into account [82[, the AF order, structure, and superconductivity phase diagrams for BaFe2-a^As2 
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are shown in Fig. 2b. 

Although the superconducting transition temperature for hole-doped Bai_ a; K :E Fe2 As2 can reach up to T c = 38 K [12] 
as compared to the T c « 25 K for electron-doped BaFe2- x T :E As2 [K, 0|, those materials are much less studied because 
of the difficulty in growing high-quality single crystals. The initial transport and neutron scattering experiments on 
powder samples indicated a gradual suppression of the concurrent structural and magnetic phase transitions with 
increasing K-doping. For the underdoped regime 0.2 < x < 0.4, commensurate AF order appears to microscopically 
coexist with superconductivity [83]. Subsequent neutron scattering and muon spin rotation (/iSR) measurements on 
single crystals grown in Sn-fTux suggested mesoscopic separation of the AF and superconducting phases [84]. However, 
recent neutron [85j, X-ray scattering, and /iSR work [86j on high-quality powder samples confirm the microscopic 
coexistence of the commensurate AF order with superconductivity in the underdoped region between 0.2 < x < 0.3 
and the suppression of the orthorhombic phase below T c (Fig. 2a). Since currently there is no neutron diffraction work 
on high-quality single crystals of Bai_ x K :c Fe2As2 grown using FeAs-flux, it is unclear if there are also short-range 
incommensurate AF order in Bai_ :E K :E Fe2As2 near optimal superconductivity. 

The appearance of static incommensurate AF order along the transverse direction of the collinear AF ordering wave 
vector Qaf = (±1>0) in BaFe2- x T x As2 suggests that such order arises from the electron doping effect of FS nesting 
80l . 8l| . Based on a five-orbital tight-binding model, fitted to the density functional theory (DFT) band structure for 
BaFe2As2 [87], there should be five FS pockets with different orbital contributions in the two-dimensional reciprocal 
space at Q z = (Fig. 2d). The intraorbital, but interband, scattering process between T(0, 0) «->• M(l, 0) shown in Fig. 
2d favors the transversely lengthened vertices [88| . This momentum anisotropy is compatible with the experimentally 
observed elliptically shaped low-energy spin excitations in superconducting BsFe2- x T x As2 [351438] and spin waves in 
BaFe2As2 (Fig. 2g) [Hij. Upon electron-doping to enlarge the electron pockets near M(l, 0)/(0, 1) and shrink the hole 
pockets near T(0,0), the mismatch between the electron and hole Fermi pockets becomes larger (Figs. 2e), resulting 
in a more transversely elongated ellipse in the low-energy magnetic response (Fig- 2h). Indeed, this is qualitatively 
consistent with the doping evolution of the low-energy spin excitations [35|, |38|, |89j . 

For hole-doped Bai_ cc K ;E Fe2As2, one should expect enlarged hole Fermi pockets near T(0,0) and reduced electron 
pockets near M(l,0)/(0, 1), as shown in Fig. 2c. Based on first principles calculations, spin excitations for optimally 
hole-doped Bai_ iC K :c Fe2As2 at x = 0.4 should have longitudinally elongated ellipses [35], and gradually evolve into 
incommensurate magnetic scattering (elastic and/or inelastic) with increasing x due to poor nesting between the hole 
and electron Fermi pockets [31] . INS experiments on single crystal Bao.67Ko.33Fe2As2 [30j indeed confirm that the 
low-energy spin excitations are longitudinally elongated ellipses that are rotated 90° from that of the electron-doped 
BaFe2-^T ;E As2 (Fig. 2f) (35l-[38|. Furthermore, INS measurements on powder samples of Bai_ :E K :E Fe2As2 reveal 
that spin excitations change from commensurate to incommensurate for x > 0.4, although their exact line shape 
and incommensurability in reciprocal space are unknown (3l|. Finally, INS experiments on hole-overdoped KFe2As2 
found incommensurate spin fluctuations along the longitudinal direction (inset in Fig. 2a), again consistent with the 
FS nesting picture [90j. Figure 2a shows the electronic phase diagram of hole-doped Bai_ :E K ;E Fe2As2 based on the 
present understanding of these materials. 

Although FS nesting is compatible with a number of experimental observations for the evolution of spin excitations 
in electron/hole-doped iron-based superconductors, there are several aspects of the problem where such a scenario 
cannot be reconciled with experiments. In a recent INS experiment on optimally electron-doped BaFe1.9Nio.1As2, 
magnetic excitations throughout the Brillouin zone have been measured in absolute units and compared with spin 
waves for AF BaFe2As2 [89] . In the fully localized (insulating) case, the formal Fe 2+ oxidation state in BaFe2As2 
would give a 3d 6 electronic configuration and Hund's rules would yield S = 2. The total fluctuating moments should 
be (m 2 ) = (gfiB) 2 S(S + 1) = 24 fi B per Fe assuming q = 2 {36|, [89j. For spin waves in the insulating Rbo.89Fei.58Se2, 
the total moment sum rule appears to be satisfied [72|. The fluctuating moments for BaFe2As2 and BaFe1.9Nio.1As2 
are (m 2 ) = 3.17 ± 0.16 and 3.2 ± 0.16 fi B per Fe(Ni), respectively [89j. While these values are considerably smaller 
than those of the fully localized case, they are much larger than expected from the fully itinerant SDW using the 
random phase approximation [9l| . A calculation combining DFT and dynamical mean field theory (DMFT) suggests 
that both the band structure and the local moment aspects (e.g. Hunds coupling) of the iron electrons are needed 
for a good description of the magnetic responses [89]. Figure 2i shows the energy dependence of x"^) f° r BaFe2As2 
and BaFe1.9Nio.1As2, and it is clear that the impact of electron doping and superconductivity are limited to spin 
excitation energies below 100 meV. These results suggest that high-energy spin excitations are likely to arise from the 
local moments instead of FS nesting effects. 



7 



DEVIATIONS FROM THE SIMPLE SDW FERMI SURFACE NESTING PICTURE 

After the early research efforts on Fe-based superconductors (8l4Io|. recent experimental and theoretical investiga- 
tions are providing a more refined perspective of these materials. Below, several selected examples will be discussed, 
supplementing those presented in the neutrons sections. 

Strength of electronic correlations. The strength of electronic correlations are often characterized via the ratio 
between the on-site Hubbard repulsion coupling U and the bandwidth W of the hole or electron carriers. Early on, it 
was assumed that pnictides were in the weak- interaction limit U jW <C 1. However, recent investigations revealed that 
the electronic correlations induce large enhancements between the effective and bare electronic masses, signaling that 
correlation effects cannot be neglected. For instance, Haas- van Alphen experiments for KFe2 As2 unveiled discrepancies 
between the band-theory calculated and observed FS's, including a large electronic mass enhancement 3-7 caused by 
band narrowing [92]. Similar ratios for the overdoped Tl2Ba2Cu06+5 copper-oxides have been reported [93[, suggesting 
that the undoped parent compounds of the pnictides resemble the overdoped copper oxides. 

Additional insight is provided by optical conductivity experiments, since the ratio R between the experimentally 
measured kinetic energy and that of band-theory calculations can be measured and contrasted against other com- 
pounds [57[. R ~ 1 signals a good metal such as Ag. LaFePO presents a ratio R « 0.5 which is borderline between 
weak and moderate coupling. However, pnictides such as BaFe2- :c T :c As2 are characterized by an even stronger corre- 
lation that induces a ratio R ~ 0.3 which is similar to results for overdoped I^-^Sr^CuO^ widely considered to be a 
"correlated metal" . Other studies have arrived to similar conclusions with regards to the correlation strength 0, IH| . 
In agreement with experiments, DFT+DMFT predicts a mass enhancement m* /m^and ~2-3 for BaFe2- £C T £C As2 and 
~7 for FeTe [96] . Moreover, ARPES studies of NaFeAs revealed band reconstructions in the magnetic state involving 
bands well below the FS [97j, contrary to a weak coupling picture. 

Hubbard model investigations provide additional insight on this subject. When compared with similar efforts for 
the cuprates, the study of Hubbard models for the pnictides is far more challenging because several Fe orbitals are 
needed. For this reason, many efforts are restricted to mean-field Hartree-Fock approximations. For the undoped 
three-orbital Hubbard model, employing the d xz , d yzi and d xy orbitals of relevance at the FS, a sketch of a typical 
mean-field phase diagram varying U and the Hund coupling Jh [Hj is in Fig. 3a. Three regimes are identified: a 
small U phase where the state is paramagnetic, followed with increasing U by an intermediate regime simultaneously 
metallic and magnetic [98], and finally a large-/7 phase where a gap in the density-of-states (DOS) is induced leading 
to an insulator (with concomitant orbital order). Comparing the theoretical predictions for the magnetic moment 
in the Qaf = (1, 0) wave-vector channel against neutrons, and the one-particle spectral function A(k,uj) against 
ARPES, the intermediate-coupling region dubbed "physical region" in yellow in Fig. 3a represents qualitatively the 
undoped BaFe2_ a; T! c As2 compounds [98|- In this regime, U/W ~0. 3-0.4, and similar results were reported for the 
two- and five-orbital models [99|. Note that Hartree-Fock usually produces critical couplings smaller than they truly 
are because of the neglect of quantum fluctuations. In fact, recent investigations beyond Hartree-Fock [100] suggest 
that the relevant U may be larger than those found in Hartree-Fock [98] by approximately a factor two. The study 
of effective low-energy Hamiltonians starting from first-principles calculations a lso l ed to the conclusion that U/W 
is between 0.5 and 1.0 for the pnictides depending on the particular compound [lOlj . Thus, the regime of relevance 
is neither very weak coupling nor strong coupling but the more subtle, and far less explored, intermediate region. 
Previous efforts converged to similar conclusions [102]. This is also compatible with the notion that the parent 
compound is close to a Mott insulator 43|, 44j. In the "physical region" the ratio Jh/U is approximately 1/4 (98| . as 



in other estimations [96] , highlighting the importance of Jh in these materials that are sometimes referred to as Hund 
metals |l03| . Finally, it is very important to remark that the above described analysis of U/W holds for pnictides but 
the recent discovery of the alkaline iron selenides [Ho|, [Hl| has opened a new chapter in this field and it is conceivable 
that for these materials U jW will be larger than in pnictides explaining, for example, the large values of the iron 
moments. 

Role of the orbital degree of freedom. The "physical region" in Fig. 3a is not only close to the paramagnetic regime, 
but also similarly close to the insulator, which in the mean- field approximation is also orbitally ordered [99]. The 
potential relevance of the orbital degree of freedom in pnictides has been discussed [l04l . Il05| . The orbital can be of 
relevance not only in its long-range-ordered form, but a lso via its coupling to the spin and its influence near the FS. In 
fact, polarized ARPES experiments on BaFe2As2 |l06| reported that at the FS there was an asymmetry between the 
populations of the d xz and d yz orbitals. Theoretical studies showed that this effect indeed occu rs in the Qaf = (1, 0) 
magnetic state, and it is linked to an orbital-dependent reduction in the DOS at the FS |l07j . sketched in Fig. 3b, 
phenomenon dubbed "Fermi surface orbital order" . 

This effect, while not sufficiently strong to induce long-range order as in manganites, can still severely influence the 
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FIG. 3: Summary of the phase diagram of multiorbital Hubbard models and the electronic state of Fe near the FS. (a) Sketch 
of the phase diagram of a typical multiorbital Hubbard model in the undoped limit, varying the on-site same-orbital repulsion 
U and the ratio between the Hund coupling Jh and U. Highlighted is a region dubbed "physical region" where the properties 
of the model are in good agreement with experiments. Note the location of this region in the intermediate magnetic-metallic 
phase, with magnetic order at Qaf = (1,0), at similar distance from the paramagnetic state and from the insulator orbitally- 
ordered state [98|]. (b) Sketch of the DOS illustrating the phenomenon of FS orbital order, which is a weight redistribution at 
the FS of the states associated with the xz and yz d-orbitals. Even though the integral over energy gi ves simila r values for 
both orbitals, at the FS there are drastic differences that influence on several properties such as transport [l07lJlod |. (c) Sketch 
of the anisotropy found in transport experiments for detwinned Ba(Fei-a; Co^ As2. Note that this anisotropy is present at 
temperatures substantially larger than Tn [l09l ]. (d) Orbitals of releva nce fo r the discussion of the Fe-based superconductors 
and their splitting at the FS. (e) Sketch of the ARPES results of Ref. |l2ll ], illustrating the absence of a nesting partner for 
one of the hole pockets. The material still displays a nearly uniform superconducting gap at this and all the other hole and 
electron pockets, (f) Sketch of the magnetic moment at wave vector Qaf = (1,0) for two models. On the left is the result for 
a traditional model of pnictides, with the xz, yz, and xy d-orbitals active at the FS. This model displays magnetic order in 
a broad range of couplings from very weak to strong. On the right, results of a model with the same FS but totally different 
orbital composition. While at small U there is no order, at larger couplings this model converges to the same Qaf = (1,0) 
order [H|. 



properti es of the m aterial. Consider for example the transport anisotropy observed in detwinned BaFe2- ;E Xl c As2 single- 
crystals flQ9l . ITTo| . sketched in Fig. 3c. At low temperatures the difference between the a-axis (spins antiparallel, Fig. 
lb) and 6-axis (spin parallel, Fig. lb) directions can be rationalized based on the magnetic state, since the different spin 
arrangements along the a and b break rotational invariance jlllj . However, both in the undoped case and particularly 
in the lightly-doped regime, the asymmetry persists well above the Neel temperature, T/v, into a new temperature 
scale T * tha t may be associated with the onset of nematic order [45|, , similarly as in some ruthenates and copper 
oxides |l!2j . ARPES experiments on the same materials reported a d xz and d yz band splitting (Fig. 3d) that 
occurs above Tn in the same region where transport anisotropies were found. Although the splitting is too small to be 
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a canonical long-range orbital order, it reveals the importance of fluctuations above the critical temperatures. Optical 
spectra studies also unveiled anisotropics in the spectra persisting up to 2 eV, incompatible with SDW scenarios 
[114j . Note that the discussion on this subject is still fluid. While neutron diffraction investigations showed that 
Tn actually substantially increases as th e pressure needed to detwin the crystals increases, potentially explaining 
the observed resistivity anisotropi cs I115j . magnetic torque measurements without external pressure revealed clear 
evidence for electronic nematicity (llfj. Recent calculations addressing transport indeed find an important role of 
the orbital states above T/v |l!7l ]. The orbital degree of freedom, closely entangled to the spin and the lattice, may 
lead t o a m ore complex "normal" state than anticipated from weak coupling particularly because of the FS orbital 
order [107]. In fact, neutron scattering shows that although the low-energy magnetic dispersion changes substantially 
when crossing critical temperatures, the higher energy features remain the same over a large doping and temperature 
range [89], suggesting that spin, orbital, and lattice are closely entangled. Establishing who is the "driver" and who 
is the "passenger" may define an important area of focus of future research. 

Local moments at room temperature. Another deviation from a simple weak coupling picture is the observation 
of local magnetic moments at room temperature. Within the SDW scenario, magnetic moments are formed upon 
cooling simultaneously with the development of long-range magnetic order. But recent Fe X-ray em issio n spectroscopy 
experiments unveiled the existence of local moments in the room-temperature paramagnetic state [118]. In fact, with 
the only exception of FeCrAs, for all the pnictides and chalcogenides investigated a sizable room temperature magnetic 
moment was found. This includes LiFeAs, that actually does not order magnetically at any temperature [13|, and 
AFei.6+a;Se2 with a regular arrangement of Fe vacancies (Fig. Id). These observed local moments are similar in 
magnitude to those reported in the low- temperature neutron scattering experiments reviewed in previous sect ions. 
Similar conclusions to those of 118 | were reached in a study of 3s core level emission for CeFeAsO0.89F0.11 |l!9j and 
also in LDA+DMFT investigations [l2o| . 

Polarized ARPES results and orbital composition. While research using ARPES techniques applied to pnictides 
has already been reviewed [42] , some intriguing recent results addressing the influence of nesting are included in our 
discussion. Using bulk-sensitive laser ARPES on BaFe2(Asp. 6.^0.3 5)2 a nd Bao.6Ko.4Fe2As2, an orbital- independent 
superconducting gap magnitude was found for the hole-pockets FS's [12lj . These results are incompatible with nesting 
where the FS nested portions must have a robust component of the same orbital to be effective. Actually, the red 
hole pocket shown in the sketch in Fig. 3e, that experimentally displays a robust and nearly wave- vector-independent 
superconducting gap similar to those found in the other hole pockets, does not have a matching electron pocket with 
the same orbital composition and, thus, it cannot develop its superconductivity via a nesting pairing mechanism 
[Tit - Perhaps in ter-o rbital pairing [l22] or orbital fluctuations could be relevant to explain this paradox. Recent 
theoretical work [1231 ] addressed the importance of orbital composition via two models: one with nested electron- and 
hole-pocket Fermi surfaces with the standard orbital composition of pnictide models, and another with the same FS 
shape but with electron and hole pockets having totally different orbital compositions. As sketched in Fig. 3f, the 
former develops magnetic order at smaller values of U than the latter. However, with sufficiently large U both have 
magnetic ground states with the same wavevector Qaf = (1, 0) (Fig. 3f). At large U it is clear that the Qaf = (1, 0) 
order can be understood within a local picture, based on the similar magnitude of the super-exchange interactions 
between NN and NNN spins using a simple Heisenberg model. 

Additional experimental results. De Haas- van Alphen studies |l24j in non-superconducting BaFe2?2, the end mem- 
ber of the superconducting series BaFe2(Asi_ :E P ;E )2, indicate that the differences in the pairing susceptibility varying 
x are caused by increases in U and Jh rather than improved geometric nesting. Moreover, ARPES studies of LiFeAs, 
without long-range magnetic order at low temperatures, report a strong renormalization of the band structure by a 
factor ~3 and the absence of nesting [125| . Yet, at T c = 18 K [l3| LiFeAs still becomes superconducting suggesting 
that nesting is not ne cessary for superconductivity to develop. Similarly, ARPES experiments on superconducting 
AFei.6+ccSe2 127 - 129] revealed the absence of the hole-like FS's necessary for the r(0,0) «->• M(1,0) s^-wave super- 



conductivity. Also note that related materials such as LaFePO with a well- nested FS also do not order magnetically. 
Why weak coupling arguments would work in some cases and not others? Finally, scanning tunneling microscopy 
(STM) experiments [126| on Ca(Fei_ :E Co :c )2As2 shows an exotic "nematic" electronic structure, similar to those found 
for strongly coupled copper-oxides. 

Additional theoretical results. In fluctuation-exchange approximation studies it was concluded that the nesting 
results are not robust against the addition of self-energy corrections [l30j . Other calculations have suggested that 
magnetic order in pnictides is neither fully localized nor fully itinerant: the J h cou pling forms the local moments, while 
the particular ground st ate is se lecte d by itinerant one-electron interactions [102] , Moreover, studies of a spin-fermion 



model for the pnictides [1041 ? , Il05| revealed the crucial role played by the Hund's rule coupling and suggested that 



the Fe superconductors are closer kin to manganites, where similar spin-fermion models were extensively studied [13 It ] 
than to copper-oxides with regards to their diverse magnetism and incoherent normal- state electron transport. 
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FIG. 4: Sketch of the expected phase diagram of the Hubbard model varying temperature and U/W in the undoped limit. 
Highlighted are the regimes of weak coupling where nesting dominates and strong coupling where localized spins approaches are 
suitable. At temperatures above Tat, there are regions with and without preformed local moments. The dashed line tentatively 
locates the pnictides and chalcogenides in the "middle", with a physics involving itinerant electrons coexisting with localized 
moments. Note that this phase diagram is guided by results known for the one-orbital case, while the true multiorbital Hubbard 
model phase diagram may display an even richer structure. In particular, a second critical U/W at low temperatures separating 
the metallic AF state from the insulating AF state is not shown for simplicity. 



CONCLUSIONS 



Recent studies of Fe-based superconductors are unveiling a perspective of these exciting materials that is far richer 
than previously anticipated. While in the early days weak coupling approaches seemed sufficient to understand these 
compounds, several recent efforts, reviewed in part here, suggest that understanding the physics of these materials may 
require more refined concepts, better many-body theoretical calculations, and additional sophisticated experiments 
for a more in-depth rationalization of their properties. In fact, evidence is building that pnictides and chalcogenides 
inhabit the mostly unexplored "intermediate" region of Hubbard U/W couplings, which is neither very weak coupling, 
where FS nesting concepts apply, nor strong coupling, where localized spins provide a good starting point as it occurs 
in the undoped copper oxides. The situation is qualitatively summarized in Fig. 4 where a crude sketch of a plausible 
phase diagram for a generic undoped Hubbard model is provided varying temperature T and U/W at, e.g., a fixed 
Jh/U such as 1/4. In weak coupling, first a critical value of U must be crossed before magnetic order develops 
at low temperatures. In this region, nesting works properly. As U increases, T/v first increases, reaches a broad 
maximum, and then eventually in the regime of localized spins T/v starts to decrease since it becomes regulated by 
the Heisenberg superexchange that scales as 1/U. Above T/v a "crossover" temperature that roughly grows like U 
is shown separating regions with and without "preformed" local moments. Since the pnictides have local moments 
at room temperature, then a tentative location for these materials is provided by the dashed line. However, whether 
this line coincides with the maximum T/v or is shifted to the left or the right is too early to say, but it cannot be 
too far from optimal otherwise local moments would be absent, if far left, or an insulator should be found at low 
temperatures, if far right. Theoretical mean- field estimates reviewed here using the multiorbital Hubbard model find 
that U/W^0.3 — 0.5 could work for pnictides. However, for chalcogenides and alkaline iron selenides, and also after 
including quantum fluctuations, the ratio U/W may increase further, and it may reach the U/W ^ 1 threshold widely 
consider to mark the starting point for a strong coupling description. Note also that the sketch in Fig. 4 is based on 
our knowledge on the one-orbital Hubbard model and a proper multiorbital analysis will lead to an even richer phase 
diagram. In fact, a critical U for the transition between the magnetic metallic state and the magnetic insulating state 
at low temperatures should also be present, but it is not shown in the sketch for simplicity: this transition should 
occur at a U larger than the pnictides dashed line since these materials are metallic at low temperatures. 

In summary, the Fe-based superconductors continue surprising us with their exotic properties that do not fit into 
the simple limits of weak or strong coupling U. Additional experimental and theoretical efforts are needed to unveil 
the secrets of this intriguing family of materials. 
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